Purpose Lateral lumbar interbody fusion (LLIF) is a minimally invasive technique that has gained growing interest in recent years. We performed a retrospective review of the medical records and operative reports of patients undergoing LLIF between March 2006 and December 2009. We seek to identify the incidence and nature of neurological deficits following LLIF. Methods New occurring sensory and motor deficits were recorded at 6 and 12 weeks as well as 6-and 12 months of follow-up. Motor deficits were grouped according to the muscle weakness and severity and sensory deficits to the dermatomal zone. New events were correlated to the patient demographics, pre-operative diagnosis, operative levels, and duration of surgery. At each post-operative time-point patients were queried regarding the presence of leg pain. Results A total of 235 patients (139 F; 96 M) with a total of 444 levels fused were included. Average age was 61.5 and mean BMI 28.3. At 12 months' follow-up, the prevalence of sensory deficits was 1.6%, psoas mechanical deficit was 1.6% and lumbar plexus related deficits 2.9%. Although there was no significant correlation between the surgical level L4-5 and an increased psoas mechanical flexion or lumbar plexus related motor deficit, a trend was observed. Independent risk factors for both psoas mechanical hip flexion deficit and lumbar plexus related motor deficit was duration of surgery.
Introduction
Lateral lumbar interbody fusion (LLIF) is a relatively new fusion technique with potentially broad applications used to achieve anterior column fusion, deformity correction, and indirect decompression of the lumbar spine. It is applied for a wide range of degenerative spinal disorders such as degenerative disc disease, spondylolisthesis, scoliosis, as well as adjacent segment degeneration. In addition to fusion, the technique has demonstrated efficacy in selective deformity correction and indirect central and foraminal decompression [1, 2] . It was shown that this procedure is associated with less tissue trauma and postoperative pain, shorter hospital stay and faster return to activities of daily living when compared with traditional anterior or posterior lumber interbody fusion techniques [3] .
In LLIF the operative level is reached through a lateral retroperitoneal trans-psoas approach. The psoas muscle is bluntly dissected followed by docking of a minimally invasive, self-lighted retractor system on the disc space. The lumbar plexus runs loosely within the substance of the psoas muscle. Additionally, the ilioinguinal, iliohypogastric, and lateral femoral cutaneous nerves lie on or near the psoas muscle in the retroperitoneal space where they travel obliquely, inferiorly, and anteriorly to reach the iliac crest and the abdominal wall.
Recent advances in neuromonitoring techniques that allow for improved geographic ''mapping'' of the lumbar plexus within the psoas muscle have been developed to improve the safety of this approach [4] . Despite this, due to the anatomic proximity of these structures to the operative zone within the intervertebral disc and due to the need to dilate or expand the retractor system to allow access to the disc space, these neural structures are at risk during the procedure. Anatomical studies have shown that the majority of the plexus travels within the posterior part of the psoas major muscle and migrates in a ventral direction as it travels caudally [5] . Further, it was shown that the average distance between the nerves to the lateral mid-point of the disc decreases from cranial to caudal levels [6] . Therefore, it has been theorized that the risk of iatrogenic neurologic injury varies at each level. Several authors defined safezones for each level, concluding that particular L4-5 is at greater risk [7, 8] . Furthermore, the approach for LLIF is also anecdotally associated with postoperative groin/thigh pain.
With increasing numbers of LLIF being performed each year, expected complications and their predictors and potential mitigating factors need to be better understood. There continues to be uncertainly surrounding the absolute risk posed by this procedure as well as both patient and technique mitigating factors. To our knowledge, no study to date has attempted to correlate patient-, surgeon-, and technique-related factors to postoperative sensory and motor deficits as well as groin/thigh pain. Last, no study has attempted to examine the natural history of these deficits over time in the post operative period.
The objective of this study was to identify the incidence of sensory and motor deficits as well as groin/thigh pain and their natural history over time, as well as elucidate mitigating patient, surgeon, and technique factors. A retrospective review of a group of consecutive LLIF patients' complete medical records with 1-year follow-up was performed. We hypothesized that patients undergoing LLIF at the L4-5 level have a higher risk of transient and permanent nerve damage. We predicted an increasing risk of sensory and motor deficit postoperatively with an increase in the number of levels approached and operative time.
Materials and methods
Under institutional review board approval we retrospectively reviewed medical records of 235 patients, who underwent minimally invasive LLIF between March 2006 and December 2009 at a single institution by four attending surgeons. All patients underwent minimally invasive LLIF surgery either by utilizing extreme lateral interbody fusion (XLIF) (XLIF-Nuvasive, Inc., San Diego, CA) technique or the COUGAR-System (COUGAR-Depuy Spine Inc., Raynham, MA). All patients included for this study had their pre-operative consultation and at 6, 12 weeks, 6-and 12 months' follow-up visit at the same institution. Ipsilateral sensory and motor deficits (at the same side as the surgical approach) were recorded at the follow-up time points. Patients who had their follow-up appointment within the first 6 weeks post-operatively by another institution were excluded from this study.
All patients were evaluated pre-operatively with standard radiographs, magnetic resonance imaging and computed tomography scans. The indications were neurogenic claudation due to central or foraminal spinal stenosis and axial back pain due to degenerative scoliosis, spondylolisthesis, and/or junctional disc degeneration. In every case, intraoperative electromyography probes and active-run electromyography were used to prevent injury to neural structures.
Per institutional protocol, the presence of anterior thigh or groin pain as well as complete neurologic examination including tactile detection, two-point discrimination was performed by the treating surgeon and recorded at each post operative visit. The presence of pain at the anterior thigh or groin region was only recorded if the patient, subjectively, commented on a new occurring event since the surgical procedure. The motor strength testing was scored using the manual muscle test scale (MMTS) for each muscle group. For the statistical analysis, the motor deficits were grouped into psoas mechanical flexion deficit (any weakness in hip flexion) and lumbar plexus related deficits to differentiate between psoas muscle dissection deficits and lumbar plexus deficits. The severity of motor deficit within each subgroup was divided into three groups: mild (4/5 in one or more muscle groups within the same lower extremity), moderate (3/5 in one or more muscles of the same lower extremity), and severe (B2/5 in one or more muscles of the same lower extremity). Additionally, operative records were reviewed for surgical technique details, side of approach, levels of surgery, number of levels, and duration of surgery.
Descriptive analyses of patients and characteristics were reported using means and standard deviations for continuous variables and frequencies and percentages for discrete variables. Inferential statistics were evaluated using independent samples t tests or one-way analysis of variance (ANOVA) for continuous variables and Chi-square or Fischer's exact test for categorical variables. Bonferroni correction was used for any multiple comparisons of continuous data and odds ratios (OR) and 95% confidence intervals (95% CI) calculated to assess the magnitude of the association for categorical. Statistical significance for the inferential analysis was set at a = 0.05 following the initial analyses; multivariate logistic regression models were created to evaluate the independent associations of each potential explanatory variable to predict the likelihood of the independent variable having an impact on sensory and motor deficits and/or groin/thigh pain at the 6-week followup. Additionally, another multivariate logistic regression analysis at 6 weeks' follow-up was performed to assess the contributing factors to psoas mechanical flexion deficit and lumbar plexus related motor deficits. Severity grade in this study was dichotomized into mild versus moderate or severe, with the mild group serving as the reference group.
For all regression models, variables with a univariate significance level of 0.25 or less, or those variables that were thought to be clinically relevant were eligible for inclusion in the model. Because of the explanatory nature of the analyses, 0.15 was chosen as the threshold for retention in the final model; however, statistical significance was still set a = 0.05 and those variables that achieved statistical significance were deemed significant risk factors for the dependent outcome of the model. For all regression models, adjusted odds ratios and their 95% confidence intervals were reported. Data analysis was conducted using SPSS version 14.0 (SPSS Inc., Chicago, IL). An XLIF cage and minimally invasive self-lighted retractor system was used 210 times (in 57 cases a standalone procedure without posterior fixation at the same time). The COUGAR cage and minimally invasive self-lighted retractor system was used 25 times (in 9 cases a standalone procedure without posterior fixation at the same time).
Two-hundred and thirty-five medical records and operative reports were reviewed to find a correlation between surgical level and postoperative neurological deficit following LLIF. Pre-operative diagnosis were lumbar spondylosis with neurogenic claudication due to central or foraminal spinal stenosis, axial back pain due to degenerative scoliosis, spondylolisthesis, and adjacent segment disc degeneration.
With an average of 1.89 levels per patient, a total of 444 levels were fused (Th12-L1: n = 2, L1-L2: n = 39, L2-L3: n = 106, L3-L4: n = 164, L4-L5: n = 133). Three different types of graft material were used, including autograft alone from the iliac crest (ICBG) (n = 59) as well as allograft alone (n = 5) and a combination of bone morphogenetic protein with ICBG or allograft (n = 180). In the analysis, the different bone marrow substitutes did not influence the sensory or motor deficits at any given time point and was therefore not included in the regression analysis.
Sensory deficits and anterior groin/thigh pain
We found sensory deficits at 6 weeks of 28.7% (n = 70), 13.1% at 12 weeks (n = 32), 5.7% at 6 months (n = 14), and 1.6% at 12 months (n = 4). The detailed analysis of the sensory deficits is depicted in Fig. 1 . Not only did the total number of sensory deficits decrease over time, but a reduction of deficit in each nerve zone was also observed. The rate of anterior groin/thigh pain per 100 patients was 41% (n = 101) at 6 weeks, 16% (n = 39) at 12 weeks, 3.7% (n = 9) at 6 months, and 0.8% (n = 2) at 12 months (Fig. 2) .
Psoas mechanical flexion deficits
Psoas mechanical flexion deficits were observed in 13.1% (n = 32) at 6 weeks, 3.7% (n = 9) at 12 weeks, 2.9% Fig. 1 This figure illustrates the occurrence of sensory deficits in each distribution zone at different time points (n = 7) at 6 months, and 1.6% (n = 4) at 12 months. The detailed analysis of the psoas mechanical flexion deficits is shown in Fig. 3 . The total number and severity of psoas mechanical flexion deficits decreases over time. At 12 months' follow-up there were 4 mild deficits (1.6%) observed, compared with 32 (13.1%) at 6 weeks.
Lumbar plexus related motor deficits
Lumbar plexus related motor deficits were observed in 4.9% (n = 12) at 6 weeks, 4.9% (n = 12) at 12 weeks, 2.9% (n = 7) at 6 months, and 2.9% (n = 7) at 12 months. The detailed analysis of the lumbar plexus related motor deficits is shown in Figs. 4 and 5. As with the psoas mechanical flexion deficits, the total number and severity of lumbar plexus related motor deficits decreases over time.
Multivariate regression analysis
The multivariate logistic regression models were created to evaluate the independent associations of each potential explanatory variable to predict the likelihood of the dependent variable, presence of a psoas mechanical flexion deficit, and lumbar plexus related motor deficits at the 6 weeks' follow-up time point. Multivariate logistic regression analysis is for psoas mechanical flexion deficits are illustrated in Table 1 and lumbar plexus related motor deficits in Table 2 . Female sex and duration of surgery were independent risk factors for psoas mechanical flexion deficits. Duration of surgery was the only independent risk factor for lumbar plexus related motor deficits. However, a trend towards multiple level fusion, previous lumbar surgeries and involvement of L4-L5 was observed. For both, psoas mechanical flexion deficits and lumbar plexus related motor deficits increased odd-ratios were observed for an involvement of L4-L5, however not statistically significant.
Discussion
LLIF has become an increasingly common procedure to achieve arthrodesis and fusion of the anterior column of the lumbar spine as well as selective degenerative deformity correction, reduction of spondylolisthesis, and indirect foraminal decompression [1] [2] [3] . Despite its advantages over traditional fusion procedures, concerns remain among surgeons about its safety. Our study shows that 1.6% sensory deficits, 1.6% psoas mechanical deficits, and 2.9% lumbar plexus related deficits remained after 1 year. In this study we were able to correlate patient-, surgeon-, and technique-specific factors to postoperative deficits. Female sex was independent risk factors for psoas mechanical deficits and duration of surgery for both, psoas mechanical deficits as well as for lumbar plexus injury.
As Fig. 2 shows, the rate of anterior groin/thigh pain drops significantly over the follow-up time. This might be attributed to a transient irritation of the genitofemoral nerve damage which crosses at L2-3 [5, 9] . Surgeons have theorized that this may be related to direct cutaneous nerve neuropraxia or an indirect mechanism via a psoas muscle inflammatory response due to mechanical dissection. The incidence of this varies considerably in the literature from 1 to 75% [2, [10] [11] [12] . Several studies have reported on post-operative neurologic deficits following LLIF. However, the determination of absolute prevalence of deficits and their natural history as well as contributing factors remains incomplete and controversial in the literature. Overall, the number of postoperative neurologic events ranges in literature between 0.6 and 33.6% after LLIF [10, 11, [13] [14] [15] [16] . In a study by Tohmeh et al. [12] 28% of patients experienced a new iliopsoas weakness and 18% claimed of sensory loss at the upper medial thigh although intra-operative real-time monitoring was used to prevent neurologic deficits after LLIF. In a prospective multicenter trial similar numbers were reported, with 33% experiencing some motor weakness after surgery [13] . The largest series in the literature, published by Rodgers et al. [11] reported on 0.7% of the patients having post-operative neurological deficits. Although most of the studies report the deficits to be transient and dissolve within the first months there are reports that 23% of the patients have some sensory or motor weakness remaining after 1-year follow-up [2] . Most of the above-mentioned studies do not assess the neurologic in great depth other than reporting the numbers or are limited to a small sample size. The variation in the literature can be attributed not only to the utilization of different techniques and variation in experience the technique for LLIF, but also to different ratio among of the approached levels (higher involvement of L4-L5 might increase the ratio). Previously, anatomic studies have suggested that the risk varies depending on the approached level [5] [6] [7] [8] . It has been shown that there may be a theoretical increased risk of neurologic complication at the L4-5 level given the anatomic differences in the caudal levels [10] . At L4-5 it has been described that neurovascular structures are located in the operative zone in 44% of the cases and are therefore theoretically at increased risk for injury [17] . It has also been demonstrated that the total length of disc space, which is safe for cage placement decreases from L1-L2 to L4-L5 [7] . Another study by Regev confirmed that the safe surgical corridor decreases from 47.9% at L1-L2 to 13.1% at L4-L5 of the anterior-posterior diameter of the vertebra [8] . Additionally, surgeons should consider the risk of vascular injuries due to surgical proximity to major vessels, especially in right-sided approaches [18] . However, these studies were anatomic cadaveric studies which may or may not be reflective of in vivo operating conditions. Technical points during positioning include hip and knee flexion which impacts the position of the lumbar plexus and psoas muscle mass. Furthermore, parameters for safe retraction of psoas/lumbar plexus have not been defined. In our multivariate regression analysis, operative involvement of L4-5 did not increase the risk of either a lumbar plexus motor deficit or psoas muscle mechanical deficit (Tables 1, 2) . However, increased odds-ratios and a trend towards significance were observed for both and could indicate that our analysis might be underpowered. Operative time was a significant factor for both. Others have suggested that retraction against the transverse process, particularly at L4-5, could potentially be a source of ischemia and resultant neuropraxia. Therefore, it seems logical that operative time could be an additional risk factor for the development of iatrogenic neurologic complications.
The addition of neurologic monitoring systems give surgeons added confidence in safely navigating the safe working corridors of the psoas musculature en route to the intervertebral disc. However, aside from avoiding direct plexus injury, there have been controversies surrounding this technique. Tohmeh demonstrated that dynamically evoked, discrete-threshold electromyography reduces the risk of nerve injury during LLIF. However, even in this study, all cases with transient deficits had no concerning changes during intra-operative neuromonitoring assessment [12] . Furthermore, a case report by Houten shows two cases that had post-operative motor deficits following the transpsoas approach although the intra-operative monitoring did not detect anything [19] . These data further the notion that once a direct injury to nerve or plexus is avoided, ischemia (which may be silent on intra-operative neuromonitoring) is likely the greatest threat to neural health. This is consistent with the finding that operative time (and therefore retractor deployment related ischemia time) correlates with increased risk of neurologic injury. It has been hypothesized that surgeon technique may affect outcomes. The psoas muscle should be dissected carefully and retractor placed as described by Ozgur [3] . Furthermore, patient positioning in the proper orientation (hips and knees flexed) could help avoid femoral nerve stretch and allows for more gentle dissection upon retractor employment. All of these factors could reduce the chances of neuropraxia [16] . Although Park et al. [6] showed that the lumbar plexus with hip flexion travels more anterior (non-significant) the advantages of a relaxed and therefore easier-to-dissect muscle seem to out weigh the change in position of the nerves. The deciding factor for the side of the approach should be the anatomy of the psoas muscle relative to the approached disc level as described by Kepler [9] . Other critical factors are the relationship of the pelvis to L4-5 level, the coronal angulation of the approached disc space and the side of the concavity of the curve. Additionally, table flexion might give the surgeon more room for the approach; however, it has been previously suggested that it might cause over stretch of the femoral nerve [16] . Special attention towards a safe approach should be considered in scoliosis cases. Regev et al. [8] concluded that the approach-safe zones in patients with scoliosis significantly decrease.
At this point it is worth mentioning that traditional spinal fusion procedures as posterior lumbar interbody fusion (PLIF) and transforaminal lumbar interbody fusion (TLIF) are well established, but no such operation is without a risk of complication [20] . Especially permanent post-operative neurologic deficits occur in the other fusion options as well. Permanent motor deficits were reported as high as 6.1% for PLIF and 4.1% for TLIF [21, 22] . If considered that neurologic deficits after one-year are permanent, the rate of 2.9% for LLIF is overall less than traditional procedures as PLIF or TLIF. For anterior lumbar interbody fusion (ALIF) the risk for motor deficits decreases; however, issues as visceral and vascular injuries in the same or higher frequency arise [23] . In a multi-center database review by the scoliosis research society they found 2.5% of their patients with degenerative scoliosis with new neurological deficits. Although this number maybe slightly lower, it also included cauda equina and spinal cord injuries (none in our study).
Despite the novelty of the presented data in this study the limitations have to be considered and the findings should be interpreted accordingly. First, due to the retrospective nature of this study, the clinical follow-up was limited to 1 year and some patients were lost in follow-up. Although we present the largest series with 1-year clinical follow-up after LLIF the multi-variant analysis could only identify trends for some of the included variables. For example the involvement of L4-5 was not significant, although several anatomical studies suggest an increased risk [5] [6] [7] [8] . Furthermore, with the increasing experience in LLIF the above-mentioned surgeon-specific factors causing post-operative deficits might decrease and therefore introduce another bias opportunity. Another limitation is that we do not know the exact retractor deployment time and took the operating time as reference for it. Furthermore, new occurring pain in the anterior thigh or groin region was only recorded if subjectively stated by the patient. No further pain scale was used to quantify the pain characteristics, which introduces another bias option. However, we believe that this incidence could be of special interest for the physician in the pre-operative consultation.
In conclusion, our data represent the first analysis of sensory and motor deficits following lateral lumbar interbody fusion. We were able to demonstrate that most of the sensory and motor deficits after LLIF are transient. Independent risk factors for psoas mechanical deficit were female sex and duration of surgery. For lumbar plexus related deficits, duration of surgery was found to be significant and trends in previous surgery as well as multi-level fusion observed. Especially with the increasing popularity of this procedure, we think that prospective studies are needed to confirm our findings and broaden the knowledge about the contributing factors to post-operative neurologic deficits following LLIF.
